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ABSTRACT 
Double-forked  circular  molecules  of mitochondrial DNA  (mtDNA)  from  rat  tissues, 
indicated by their form and size to be replicative intermediates, are of two structurally 
distinct classes. Molecules of the first class are totally double stranded. Molecules of the 
second  class  are  defined  by  one  daughter  segment  being  totally  or  partially  single 
stranded. Length histograms of daughter segments measuring between 2% and 44%  of 
the total 5-#m molecular contour were constructed from samples of both classes of repli- 
cating  molecules  derived  from  mtDNA  or  Novikoff rat  ascites  hepatoma  cells.  For 
single strand-containing molecules, the lengths fell into eight distinct, reproducible groups 
with  mean  values  separated  by  4.1-7.6%  of the  circular  contour  length.  For  totally 
double stranded molecules, the lengths fell into seven groups, corresponding to seven of 
the groups found for single strand-containing molecules. These results suggest that along 
at least 44% of the contour  of mtDNA  molecules there  exist  discrete points  at  which 
DNA synthesis tends to be arrested.  This may indicate that  there are pauses in normal 
mtDNA synthesis. However, as the DNA used in these experiments  was  isolated from 
mitochondrial fractions, the findings may indicate that continuation of synthesis beyond 
specific points on the nucleotide strands requires a  factor which  is not available after cell 
disruption. 
INTRODUCTION 
Mitochondrial DNAs (mtDNA) of all metazoans so 
far  studied  comprise  circular  molecules  with 
species-specific contour  lengths  of  5-6  ~m  (see 
recent  reviews  of  Rabinowitz  and  Swift,  1971; 
Wolstenholme  et  al.,  1971;  and  Borst,  1972).  A 
variety of apparent  replicative forms  of circular 
mtDNA from rat and  chick tissues (Kirschner et 
al.,  1968;  Wolstenholme  et  al.,  1971 and  1973; 
Arenberg et al.,  1971)  and  mouse L  cells (Kasa- 
matsu  et  al.,  1971;  Robberson  et  al.,  1972; 
Robberson  and  Clayton,  1972;  Kasamatsu  and 
Vinograd,  1973)  have  been  described. 
From  a  consideration of the  replicative forms 
found  in  mtDNA  of  rat  tissues,  we  proposed 
(Wolstenholme et  al.,  1973)  that  this  DNA  can 
replicate by one of two alternative modes.  In the 
14  T~E JOV~NAL OF CELL B~OLOGY • VOLUME 61,  1974 • pages  14-25 first,  sections  of  the  molecule  are  completely 
replicated  sequentially by  synthesis first  along  a 
section  of  one  nucleotide  strand  followed  by 
synthesis along the equivalent portion of the com- 
plementary nucleotide strand.  In the  alternative 
mode,  synthesis on one  nucleotide strand  of the 
molecule  can  be  at  least  80%  complete  before 
synthesis  on  the  second  nucleotide  strand  is 
initiated. 
From a  study of the frequency and structure of 
replicative forms  in mouse  L-cell mtDNA,  Rob- 
berson et al.  (1972) have suggested that this DNA 
replicates  by  a  single  mode,  which  is  basically 
similar to the second mode suggested by us.  The 
main difference is that initiation of synthesis on the 
second  strand  occurs  only after  synthesis on  the 
first  strand  is  at  least  60%  completed. 
In this report we present evidence obtained from 
a  study of the lengths of daughter segments of rep- 
licative  intermediates  of  mtDNA  from  Novikoff 
rat  ascites  hepatoma  cells  which  indicates  that 
replication of molecules of this DNA is a discontin- 
uous process. 
MATERIALS  AND  METHODS 
Novikoff  rat  ascitcs  hcpatomas  (Novikoff,  1957) 
were  obtained from Drs.  Carl  F.  Tessmer and Jef- 
fcry P. Chang, M. D. Anderson Hospital and Tumor 
Institute, Houston, Tcx. The  methods of hepatoma 
growth  and  harvesting,  isolation  of  mitochondria, 
purification of mtDNA,  preparation of mtDNA for 
electron microscopy, and the conditions for electron 
microscopy  were  exactly  as  described  previously 
(Wolstenholme et al., 1973). 
Double-stranded  and  single-stranded  DNA  were 
distinguished  from  each  other  by  the  differences 
in contrast  and  filament conformation  characteris- 
tic for the respective protein monolayer preparations 
(Wolstenholme et  al.,  1973).  As  before  (Wolsten- 
holme  et  al.,  1973),  when  crossovers  of  different 
segments  of  replicating  molecules  occurred,  the 
following rules were  observed  in defining the paths 
of these  segments: when the  angles formed  by the 
crossing filaments were close to 90 °  , the filament paths 
were  considered  unambiguous; when  the  filament 
crossover  angles were sufficiently different  from 90 ° 
to create  ambiguity, the  molecule  was  not used. 
Measurements of molecules were made on positive 
prints at magnifications of approximately )<  160,000. 
Exact magnifications were calibrated for each set of 
prints by use of a  diffraction grating replica  (2,160 
lines/mm,  Ernest  F.  Fullam,  Inc.,  Schenectady, 
N. Y.). Percentage lengths of the daughter segments 
of replicating molecules were  estimated  by the  fol- 
lowing procedure.  Single photographic enlargements 
of each of at least 30 replicating molecules were pre- 
pared.  The  three  segments  of each  molecule were 
measured  once  and  the  values  in  centimeters  re- 
corded on the back of the respective prints. Percentage 
values of the daughter segments were calculated only 
after measurements of all molecules of a  group had 
been  completed.  This  procedure  was  adopted  in 
order  to  eliminate  the  possibility  of  bias  by  the 
measurer  towards  values  which  would  either  arti- 
ficiaUy create groups or which fell within previously 
observed high frequency ranges. 
Probabilities  (P)  mentioned in the  text  resulted 
from analyses of variance. 
RESULTS 
mtDNA from Novikoff rat ascites hepatoma cells 
prepared  for  electron  microscopy  by  both  the 
aqueous  and  the  formamide  protein  monolayer 
techniques  was  found  as  before  (Wolstenholme 
et  al.,  1973)  to  include  double-forked  circular 
molecules with form  (Figs.  1-6)  and size  (Fig.  7) 
suggesting  they  were  replicative  intermediates. 
These  molecules were  of two structurally distinct 
kinds.  In approximately  11%  of such molecules, 
both daughter segments, as well as the unreplicated 
segment,  appeared  to  be  totally double stranded 
(Figs.  1 and 2).  In the  remaining 89%,  one and 
only  one  of  the  daughter  segments  was  either 
totally  or  partially  single  stranded  (Figs.  3-6). 
On  the  basis  of  observations  using  formamide 
preparations,  the  latter  class  could  in  turn  be 
subdivided. In about 19% of the molecules of this 
class,  one  daughter  was  single  stranded  at  one 
fork  and  double  stranded  at  the  other  (Fig.  3); 
in  72%  of this  class,  one daughter segment  ap- 
peared to be totally single stranded  (Fig. 4); and 
the remaining 9% of this class was of a  form not 
previously  demonstrated  in  Novikoff  rat  ascites 
hepatoma  mtDNA.  In  this  9%  a  daughter  seg- 
ment  was  single  stranded  at  both  forks  but  the 
central region of this segment was double stranded 
(Figs.  5  and 6).  The lengths of the daughter seg- 
ments of this latter kind of molecule fell within a 
range  equal  to  12-80%  of  the  circular  contour 
length.  Also,  as  in  our  previous  study,  simple 
(nonforked)  circular molecules were  observed  in 
which a single region measuring up to 40% of the 
circular  contour  length  appeared  to  be  single 
stranded. 
In the present study we examined the distribu- 
tion  of daughter  segment  lengths  in  samples  of 
replicating  molecules  in  which  the  replicated 
region  measured  between  2%  and  44%  of  the 
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present  study  to  this  spectrum  of  daughter  seg- 
ment lengths because with increased length of the 
daughter  segments  it  is  more  difficult  to  find 
molecules which are displayed in such a  way as to 
allow  unambiguous  determination  of  the  paths 
of the various segments. 
Molecules in which one daughter  segment was 
totally  or  partially  singlestranded  from  a  single 
aqueous protein  monolayer preparation  were first 
considered.  The  lengths  of  the  totally  double- 
stranded  daughter  segment  of each  of  173  such 
molecules,  expressed  as  percenlage  of  total  cir- 
cular  contour  length,  are  shown  in  Fig.  8.  It 
appeared  that  these  daughter  segment  lengths 
fell into  eight  distinct  groups  with  mean  values 
separated  by  4.1-7.6%  of  the  circular  contour 
length. 
In order to test the reproducibility of the group- 
ings,  we  examined  the  distribution  of lengths  of 
the  totally  double-stranded  daughter  segment  of 
single strand-containing replicating molecules from 
the  same  mtDNA  sample  as  that  represented  in 
Fig.  8,  but  in  a  formamide  protein  monolayer 
preparation.  The  results  are  summarized  in  Fig. 
9.  Eight groups of length values are again evident 
and  their  mean  values  correspond  closely  to 
those  found  for  the  daughter  segments  of single 
strand-containing  replicating  molecules from  the 
aqueous  protein  monolayer  preparation  of  this 
DNA. The differences between the mean values of 
six of the  eight apparently  corresponding  groups 
in  Figs.  8  and  9  (the  corresponding  groups  at 
approximately  4%,  11%,  16%,  20%,  30%,  and 
42%  contour  length)  were  not  significant  (P  = 
>0.05  for  each  comparison).  The  probability 
that  each  of  the  differences  between  the  mean 
values  of the  other  two  corresponding  groups  in 
the two histograms was due to chance  alone was, 
however,  less  (for  the  corresponding  groups  at 
approximately  26%  and  36%  contour  length, 
P  =  <0.01,  >0.001,  and  P  =  <0.05,  >0.01, 
respectively). 
The  sample  in  Fig.  9  comprised  the  three  dif- 
ferent  kinds  of  single  strand-containing  double- 
forked  molecules  described  above.  The  single- 
stranded  regions  of  daughter  segments  which 
also contained  double-stranded  DNA varied from 
about 3-15 %  of the circular contour length.  How- 
ever,  there were  not  sufficient data  to  determine 
FIOURES 1--6  Electron micrographs  of rotary-shadowed  double-forked  circular  molecules of mtDNA 
from Novikott rat ascites hepatoma cells. In each molecule two of the segments (A and B, the daughter 
segments) delimited by the forks (arrows)  appear to be approximately equal in length while the third (C) 
is longer. The mean of the lengths of A or B plus the length of C is within the range of lengths of simple 
circular molecules in the respective protein monolayer preparations  (see Fig. 7). 
I~GURE 1  A molecule prepared for electron microscopy by the aqueous protein monolayer technique. 
All three segments appear to be totally double stranded. A or B  =  1.19 #m, C =  3.71 #m, A +  C =  4.90 
#In  X  48,500. 
FIOURES 2-6  Molecules prepared for electron microscopy by the formamide protein monolayer tech- 
nique. All five micrographs X  66,500. 
FmURE 2  All three segments appear to be totally double stranded.  A or B  =  1.05 #In, C  =  3.84 #m, 
A +  C =  4.89 #m. 
FIOURE 3  A region,  accounting for about one-half of one of the daughter segments (B),  and  associated 
with the lower fork, has the thinner, low contrast appearance of single-stranded DNA (S). A or B  =  0.90 
#m, C =  8.87 #m, A +  C =  4.77 #m. 
FIGURE 4  All of one of the daughter segments (B)  appears  to be single  stranded.  A or B  =  0.53 #m, 
C=  4.47gm, A+  C ~  5.0#m. 
FIGURES 5 and 6  In each molecule, the regions of one of the daughter segments (B) in association with 
each of the two forks appear to be single stranded (S), while the central region of this segment appears  to 
be double stranded (D). 
FIGURE5  AorB  =  0.71~m,C  =  4.20Dm, A-1- C =  4.91#m. 
FIGURE 6  A  =  0.75 #m,  B  =  0.83 #m,  C  =  4.21 #m,  A  +  C  =  4.96 #m. 
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FmURE  7  Frequency  distributions  of  the  contour 
lengths  of  circular  molecules  taken  from  a  single 
preparation of Novikoff rat aseites hepatoma cells and 
prepared  for electron microscopy by the aqueous and 
the formamide protein monolayer techniques. (A) Simple 
eireular  molecules.  (B)  Double-forked  circular  mole- 
cules  in  which  one  of  the  segments  appeared  to  be 
totally or partially single stranded. The contour lengths 
represent  the  sum  of  the  lengths  of  the  two  totally 
double-stranded  segments.  (C)  Double-forked  circular 
molecules in whieh all three segments appeared  to be 
totally  double  stranded.  Two  of  the  segments  were 
approximately equal in length (tile daughter segments). 
The contour lengths represent  the  sum  of  the  mean 
length of the daughter segments and the length of the 
odd segment. Each of the (B) and (C) samples comprises 
molecules  taken  at  random  from  molecules  with 
daughter  segment  lengths  which  lay  within  a  range 
equal to between ~% and 44% of the eireular contour 
length.  The mean and  standard  error  of each  sample 
are given. 
whether these regions, too, were of discrete lengths. 
In daughter  segments which were single stranded 
at one fork and  double stranded  at the other,  the 
proportion  of  single-stranded  DNA  varied  even 
among  such  daughter  segments of similar overall 
length.  For  example,  in  the  four  daughter  seg- 
ments  of  this  kind  with  total  lengths  equal  to 
30-32 % of the circular contour length, represented 
in  Fig.  9,  single-stranded  DNA  accounted  for 
approximately  16%,  19%,  37%,  and  47%  of 
the segments. 
The  distribution  of  lengths  of  the  daughter 
segments  of  totally  double-stranded  replicating 
molecules in aqueous protein  monolayer prepara- 
tions  was  next  examined•  Owing  to  the  lower 
frequency  of  replicating  molecules  of  this  class, 
data  regarding  them  were  accumulated  from  six 
different  preparations•  The  results  are  shown  in 
Fig.  10.  The  lengths  of the  daughter  segments  of 
these  molecules  were  found  to  fall  into  seven 
groups with mean values corresponding  closely to 
those  of seven  of  the  groups  observed  for  single 
strand-containing  replicating  molecules.  A  group 
of  molecules  with  daughter  segment  lengths 
around  a  mean value of 26%  contour length was 
not  apparent.  The  difference  between  the  mean 
values  of  only  two  of  the  seven  apparently  cor- 
responding  groups  (at  approximately  36%  and 
41%  contour  length)  in  Figs.  8  and  10  was  not 
significant  (P  =  >0.05  for  both  comparisons). 
The  probability  that  each  of the  differences  be- 
tween the mean values of the other five correspond- 
ing  groups  (at  approximately  4%,  11%,  16%, 
21 ~o, and 30%  contour length)  was due to some- 
thing other than chance alone was greater than  I 
in  100.  Whether  these latter differences represent 
real  differences  in  the  mean  daughter  segment 
lengths in the two classes of replicating molecules, 
or  result  from  technical  variations  in  assessing 
these values in  the two classes cannot  be decided 
from the data.  What is clear, however, is that  all 
of these  differences  as  well  as  those  noted  from 
similar comparisons  made for molecules prepared 
for electron microscopy under different conditions 
(Figs.  8  and  9)  are  small  compared  to  the  dif- 
ferences  between  the  means  of  adjacent  groups 
in  each  of  the  histograms  presented  in  Figs.  8, 
9 and  10. 
In  order  to  test  further  whether  it  was  likely 
that  our  observations  could  be  explained  by 
random  groupings  of  daughter  segment  lengths, 
histograms  were constructed  for three  sets  of 173 
random numbers ranging from 2 to 44 (taken from 
Fisher and Yates,  1963).  The sample size and  the 
range  of  values  correspond,  respectively,  to  the 
largest  samples  and  the  range  of  daughter  seg- 
ment  lengths  examined•  Groups  of numbers  did 
occur  within  each  set  (Fig.  11)  but  the  same 
groupings  were  clearly not repeated  from one set 
to another. 
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FIGURE 8  Frequency distribution of the length of the totally double-stranded daughter  segment (ex- 
pressed as a percentage of the circular contour length) of 173 replicating circular mtDNA molecules in 
which the second daughter segment was totally or partially single stranded. The molecules were from a 
sample of Novikoff hcpatoma mtDNA prepared for electron microscopy by the aqueous protein mono- 
layer technique. The arrows in the top portion of the histogram indicate the means of the apparent groups. 
The standard errors of the means of the eight groups are from left to right:  =k0.23, -4-0.26, ~0.18, -4-0.20, 
-4-0.23, =1=0.27, -4-0.32 and -4-0.31, respectively. 
DISCUSSION 
Each form of replicating molecule described from 
Novikoff hepatoma mtDNA has also  been found 
in mtDNA from normal chick embryos (Wolsten- 
holme et al., 1973) and normal rat liver (Wolsten- 
holme and Cochran-Fouts, unpublished observa- 
tions).  This  supports  the  contention  that  the 
molecules  in  the  hepatoma-derived  sample  are 
representative of normal mtDNA replication. 
A general scheme for the replication of ciruclar 
mtDNA,  based  upon  the  different  molecular 
forms  observed  and  modified  from  the  scheme 
previously presented by us (Wolstenholme et al., 
1973),  is  given  in  Fig.  12.  Following evidence 
presented by Kasamatsu and Vinograd (1973) for 
the replication of double-sized circular molecules 
of mouse L-cell mtDNA, replication as a whole is 
indicated to be unidirectional  (arrow by Fig. 12 a). 
Also, DNA synthesis is assumed to proceed locally 
only in the  5~-3 ~ direction along a  given strand 
(Okazaki et al., 1968; Mitra et al., 1967; Richard- 
son,  1969;  Inman and SchnSs,  1971). 
One  sequence  of events  by  which  replication 
can occur entails a stepwise  process  (Fig.  12 a-e). 
A  portion  of  one  strand  replicates  and  this  is 
followed by replication of the equivalent portion of 
the  complementary  strand.  A  second  mode  of 
replication is  represented  in Fig.  12  a-k-l-e.  At 
least 80 % of one strand can replicate before replica- 
tion of the complementary strand begins. Further, 
the daughter molecules can separate before replica- 
tion of the strands is complete (Fig. 12 e-m and n). 
Our present documentation of molecules of the 
form shown in Figs. 5 and 6 in which the daughter 
segment lengths are as small as 12 % of the circular 
contour length indicates that replication does not 
always proceed  strictly by  the  schemes  outlined 
in Fig.  12  a-e  or  a-k-l-e.  A  possible scheme for 
replication  which  would  include  this  form  is 
given in Fig.  12 a-i-j-e. 
Robberson  et  al.  (1972)  have  examined  the 
replicative forms of mtDNA from mouse L-cells. 
They found double-forked molecules in which one 
daughter segment was totally single stranded and 
varied from 3% to  100% of the circular contour 
length. They also  found double-forked molecules 
in which a daughter segment was single stranded 
at  both  forks  and  double  stranded  in a  central 
region.  The  latter  molecules  were  only  found, 
however,  when the  daughter segment length ex- 
ceeded 55 % of the circular contour length. Simple 
circular  molecules  containing a  single  stranded 
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FIGURE 9  Frequency distribution of the length of the totally  double-stranded  daughter  segment  (ex- 
pressed  as  a  percentage of the circular contour length) of 173 replicating circular mtDNA molecules in 
which the second daughter segment was totally or partially single stranded. The molecules were from the 
same  DNA  sample  as  those represented in Fig. 8, but were prepared for electron microscopy by the 
formamide protein monolayer technique. The hatched areas represent molecules in which the region of a 
daughter  segment  in  association  with one fork was single stranded  and the region of this segment in 
association with the other fork was double stranded.  The open areas represent  molecules in  which  the 
regions of a daughter segment in association with both forks were single stranded  but the  central region 
of this  segment  was  double stranded,  and the blackened areas, molecules in which a daughter segment 
was totally single  stranded.  The points of the solid triangles above indicate the  mean  position  of  the 
groups  in Fig. 8.  The arrows indicate the apparent means of the groups in this histogram. The standard 
errors of the means of the eight groups are, from left to right:  -4-0.11, -4-0.3~,  4-0.19,  4-0.18,  4-0.27, 
±0.~7, 4-0.33 and ±0.~8, respectively. 
region  were  found,  but  totally  double-stranded, 
double-forked  molecules  were  rare  (1  in  106 
molecules examined)  and double-forked molecules 
in which one daughter segment was single stranded 
at  one  fork  only  were  apparently  not  observed. 
They  suggested  a  scheme  for  a  single  mode  of 
replication  of  mouse  L-cell  mtDNA  which  is 
basically  similar  to  the  scheme  outline  in  Fig. 
12  a-k-l-e-m  and  n-g  and  h.  However,  they  in- 
terpret  their  observation  to  indicate  that  initia- 
tion  of replication  on  the second  strand  does not 
begin  before  replication  of one  strand  is  at  least 
60 % completed. The alternative  modes of replica- 
tion  apparent  from  our  data  for  mtDNA  from 
rat  and  chick tissues must  be used very rarely or 
not  at  all in  mouse  L-cell mtDNA. 
The means of the groups of lengths of daughter 
segments  of  the  different  classes  of  replicating 
molecules,  and  of the  same  classes  of replicating 
molecules  in  preparations  made  using  different 
techniques  closely  correspond.  These  findings, 
together with the distributions of random numbers, 
support  the  argument  that  daughter  segment 
lengths  of  replicating  molecules  of  this  mtDNA 
are distributed in groups. 
The finding of length groups suggests that along 
at least 44%  of the  molecular contour,  there  are 
discrete  positions  on  the  strands  at  which  DNA 
synthesis tends  to be  arrested.  Such positions will 
be  referred  to  as  stop  points.  Whether  DNA 
synthesis  actually  stops  at  these  positions  during 
the  normal  course  of  replication  in  vivo  is  not 
clear.  It  might  be  that  DNA synthesis  does  stop 
at discrete positions on a  strand,  pauses for a  time 
considerably  greater  than  the  time  taken  for 
synthesis of the sections of a  strand  between  stop 
points,  and  then  starts  again.  However,  as  the 
mtDNA  used  in  our  studies  was  isolated  from 
mitochondrial  fractions,  a  second  explanation  of 
the  length  groups  is  also  possible.  In  the  living 
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FIGURE 10  Frequency distribution of the mean length of the two daughter  segments  (expressed  as a 
percentage of the circular contour length)  of apparently  totally double-stranded  replicating molecules 
of circular mtDNA from samples prepared for electron microscopy by the aqueous protein monolayer 
technique. The histograms in a-f are for molecules from six different samples of Novikoff ascites hepa- 
toma mtDNA prepared from six different batches of rats 5-8 days after infection. (Sample f  is the same 
as that from which all the molecules represented in Figs. 8 and 9 were taken.) The histogram in g is the re- 
sult of pooling the 145 molecules in a-f. The points of the solid triangles indicate the position of the group 
means in Fig. 8.  The arrows indicate the means of the apparent  groups  in histogram g. The standard 
errors of the means of the seven groups are,  from left to right:  -1-0.18, 4-0.~5,  =t=0.20, 4-0.21,  4-0.28, 
4-0.23,  and =1=0.86, respectively. 
organisms  replication  of different  sections  of the 
molecule might in fact be temporally continuous, 
the  continuity  being  dependent  upon  the  con- 
stant  availability  of certain  factors.  In  this  case 
our data would be explained if, when mitochondria 
were  isolated  under  the  particular  conditions  of 
our experiments, synthesis of a  section of a  strand 
which  was  in  progress  could  be  completed,  but 
synthesis  beyond  a  stop  point  could  not  be  con- 
tinued for want of"continuation factors" ordinarily 
supplied  from  outside  the  mitochondrion  in  the 
intact  cell.  Either  this  or the preceding  explana- 
tion  would  account  for  why  molecules  of  the 
form diagramed in Fig. 12 c, which could represent 
incomplete synthesis of a  section of a strand in the 
direction  away  from  the  replicating  fork  in  the 
scheme  a-e  in  Fig.  12,  were  never observed  (see 
Wolstenholme et al.,  1973). 
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Frequency distributions of each of three sets of 173 (N) random  numbers between 2 and 44. 
The length group  data  are summarized  in Fig. 
13.  The  groups  observed  for  totally  double- 
stranded  replicating molecules indicate that  there 
are seven discrete points at which  DNA synthesis 
tends  to  be  stopped  with  both  strands  totally 
replicated.  This  suggests  that  there are seven not 
necessarily independent stop points at correspond- 
ing positions on the two complementary nucleotide 
strands  which,  assuming  unidirectional  replica- 
tion, lie within 44 %  of the circular contour length 
from the origin.  If, as has  been  demonstrated  for 
mtDNA molecules from mouse L  cells (Robberson 
et al.,  1972),  the single-stranded regions of double- 
forked  molecules  always  represent  the  same  par- 
ticular  strand  of the  mtDNA  molecule,  then  the 
groups  observed  for  this class  alone indicate  that 
there  are  eight  discrete  points  on  that  particular 
strand  at  which  DNA  synthesis  tends  to  be  in- 
dependently  arrested.  That  the positions of seven 
of these  stop  points  are  the  same  as  those  of the 
seven stop points on both strands indicated by the 
groups  of  totally  double-stranded  replicating 
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I~GURE 12  A possible  general scheme for the replica- 
tion of circular mtDNA molecules of rat tissues,  based 
on the different molecular forms observed in the elec- 
tron  microscope.  The  thin  lines  represent  the  two 
parental  nueleotide strands,  and the thick lines repre- 
sent  newly  synthesized  strands.  It  is  assumed  that 
replication is unidirectional (arrow by a) from a unique 
origin. 
Origin 
FIGURE 13  The positions of stop points  (expressed  as 
a  percentage  of the  circular contour  length)  on 41% 
of the circular molecule of Novikoff aseites hepatoma 
mtDNA. It is assumed that replication of the molecule 
as a whole is unidirectional from a  unique origin. The 
two  horizontal  lines  represent  the  complementary 
nucleotide strands  of the molecule. Seven stop  points 
are indicated to be at  corresponding positions on the 
complementary strands.  The position of each of these 
is the mean of the means of each of the corresponding 
groups  of the  two  classes  of molecules from  aqueous 
preparations represented in Figs. 8 and 10. The position 
of the stop point shown on only one strand is the mean 
(~6.~)  of  the  grouping  apparently  unique  to  single 
strand-contalning  double-forked  molecules  (see  Figs. 
8 and  10). Only data from aqueous preparations  were 
used to calculate these mean stop point positions since 
formamide preparations  were used to obtain daughter 
segraent  length  distributions  from  only  one  class  of 
replicating  molecule. 
molecules is  supported  by  the  correspondence  in 
mean  values  of the  groups  of the  two  classes  of 
replicating  molecules.  As  a  group  of replicating 
molecules with  a  mean  daughter  segment  length 
equal  to  26%  of  the  contour  length  was  found 
only  for  single  strand-containing  molecules,  it 
remains possible that  a  stop point at this position 
is unique  to  one  of the  nucleotide  strands.  With 
this  latter  exception,  the  sections  synthesized  be- 
tween  stop  points  on a  strand  would  be  between 
0.22  #m  and  0.33  #m  in  length.  Such  sections 
would  contain  between  650  and  950  nucleotides. 
This  compares  with  1,000-2,000  nucleotides  for 
for  the  units  of  discontinuous  synthesis  reported 
for Escherichia  coli DNA by Okazaki et al.  (1968). 
Double-forked molecules in which one daughter 
segment is totally single stranded  and  equal to up 
to 44%  of the circular contour length may result 
simply  by  sequential  replication  of  sections  be- 
tween stop points of one strand as shown in Fig. 14. 
Following the general stepwise process for mtDNA 
replication  outlined  above  (Fig.  12  a-e),  a  sug- 
gested  mode  of replication  which  takes  into  ac- 
count the length groups for totally double-stranded 
molecules  is  shown  in  Fig.  15.  Consistent  with 
this model is our finding of some molecules of the 
form diagramed  in Fig.  15  d  and f,  in which the 
total  length  of a  daughter  segment  was  between 
7%  and  41%  of the  circular  contour  length  and 
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FIGURE 14  A scheme (a-e) for partial replication of the 
circular mtDNA molecule which takes into account the 
finding of daughter  segment length  groups  which  in- 
clude  molecules  in  which  one  daughter  segment  is 
totally  single  stranded.  The  thin  lines  represent  the 
two  parental  complementary  nucleotide  strands;  the 
thick  lines  represent  newly  synthesized  strands.  The 
numbers at the top of the diagram are the positions of 
stop  points  expressed  as  percentages  of  the  circular 
contour  length.  It is  assumed  that  replication of the 
molecule  as  a  whole  is  unidirectional  from  a  unique 
origin but that  DNA synthesis along a  strand  occurs 
locally only in the 5'-3' direction. 
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FIaURE  15  A scheme  (a-g)  for a mode of replication 
of  the  circular  mtDNA  molecule  which  takes  into 
account the finding of daughter segment length groups 
for  totally  double-stranded  molecules.  Other  details 
concerning the diagram are the same as those given in 
the legend to Fig. 14. 
the  single-stranded  region  was  approximately 
equal  to  the  average  distance  between  adjacent 
stop  points.  The  finding  that  the  slngle-stranded 
region  of  some  molecules  having  this  form  and 
daughter segment length had lengths up to values 
equal to  the  distances  between  two or three stop 
points,  together with the observation of molecules 
such as those in Figs. 5  and 6, indicate other pos- 
sible sequences of new starts  than  those proposed 
in Figs.  14 and  15. 
In regard to the present findings, it is of interest 
that  from  measurements  of  daughter  segment 
lengths  of double-forked  molecules of kinetoplast 
DNA of Trypanosoma  cruzi, produced by treatment 
with  the  trypanocidal  drug  Berenil,  Bracket  al. 
(1972)  suggested  that  a  discontinuous  process  is 
involved  in  the  replication  of  this  DNA.  They 
interpreted  their  results  as  indicating  modes  of 
lengths  at  approximately  15%  intervals  of  the 
0.4-~tm  circular  contour  length  of  the  molecule, 
and  suggested  that  this indicated  that  replication 
could  be blocked  at specific points. 
We are indebted to Drs. Carl F. Tessmer and Jeffery 
P. Chang for generously providing us with the original 
stock of Novikoff rat ascites hepatoma. We also wish 
to  thank  Christine  L.  Rosenberg  and John Jackson 
for technical assistance, and Dr. Lawrence M. Okun 
for helpful criticism of the manuscript. 
This  investigation  was  supported  by  American 
Cancer  Society Grants  nos.  E-531  and  NP-41  and 
National  Institutes  of Health  Grant  no.  GM-18375. 
K.  Koike  was  a  Postdoctoral  Fellow supported  by 
National  Science  Foundation  Development  Award 
0735.  D.  R.  Wolstenholme  is  the  recipient  of  a 
Research Career Development Award (1-K4-GN~I-70, 
104)  from the  National  Institutes  of Health. 
Figs. 2 c and 6-13 reprinted by copyright permission 
from  Cold Spring  Harbor Syrup. Quant.  Biol.  1974. 
38. 
Received for publication  13 August  1973,  and  in  revised 
form 12 November 1973. 
REFERENCES 
ARENBERG,  A.,  E.  F.  J.  VAN  BRUOGEN,  J.  TER 
SCnEOOET, and P. BORST. 1971.  The presence of 
DNA  molecules  with  a  displacement  loop  in 
standard  mitochondrial DNA  preparations.  Bio- 
chim.  Biophys. Acta.  246:353. 
BORST, P.  1972.  Mitochondrial  nucleic  acids.  Annu. 
Rev. Biochem. 41:33. 
BRACK, C., E. DELAIN, and G. Rzou.  1972.  Replicat- 
ing, covalently closed, circular DNA from kineto- 
plasts  of  Trypanosoma cruzi.  Proc. Natl.  Acad. Sci. 
U. 5".  A.  69:1606. 
FISHER, R. A., and F. YATES. 1963. Statistical Tables 
for Biological, Agricultural and Medical Research. 
Oliver &  Boyd Ltd.  Edinburgh. 
INMAN, R.  B.,  and  M.  SCHNOS. 1971. Structure  of 
branch  points  in  replicating  DNA:  presence  of 
single-stranded  connections  in X  DNA  branch 
points.  J.  Mol.  Biol.  56:319. 
KASAMATSO, H.,  D.  ROBBERSON, and  J.  VINOGRAD. 
1971.  A  novel closed-circular mitochondrial DNA 
with properties of a replicating intermediate. Proc. 
Natl. Acad. Sci. U. S. A. 68:2252. 
KASAMATSU, H.,  and J.  VINOORAD. 1973.  Unidiree- 
tionality  of  replication  in  mouse  mitochondrial 
DNA. Nat. New Biol. 241:103. 
KZRSCHNER, R. H., D. R. WOLSTENHOLVm, and N. J. 
GROSS.  1968.  Replicating  molecules  of  circular 
mitochondrial DNA. Proc. Natl.  Acad. Sci.  U. S. A. 
60:1466. 
MITRA,  S., P.  REICHARD,  R  B. INMAN, L.  L.  BERTSCH, 
and A. KORNBERO.  1967.  Enzymatic synthcsis  of 
deoxyribonucleic acid. XXII.  Replication of a 
circular  slngle-strandcd  DNA  templatc by DNA 
polymerase of Escherichia coll. J.  Mol. Biol.  24:429. 
NovmoFF,  A.  B.  1957.  A  transplantable  rat  liver 
tumor  induced  by  4-dimethyl-aminoazobenzene. 
Cancer Res.  17:1010. 
OKAZAKI, R.,  T.  OKAZAKI, K. SAKABE, K. SUGIMOTO, 
A. SUOINO, and N. IWATSUKI. 1968.  In vivo mecha- 
nism  of  DNA  chain  growth.  Cold Spring  Harbor 
Syrup. Quant.  Biol.  33:129. 
RAmNOWlTZ, M., and H. SWIFT. 1970. Mitochondrial 
nucleic acids and their relation to the biogenesis of 
mitochondria.  Physiol. Rev.  50:376. 
24  ThE JOURNAL Or" CELL BIOLOOY •  VOLUMe 61, 1974 RICHARDSON, C.  C.  1969.  Enzymes in DNA metab- 
olism.  Annu. Rev. Biochem. 38:795. 
ROBBERSON,  D.  L.,  and  D.  A.  CLAYTON. 1972. 
Replication  of  mitochondrial  DNA  in  mouse  L 
cells  and  their  thymidine  kinase  derivatives: Dis- 
placement  replication  on  a  covalently-closed cir- 
cular template.  Proc. Natl.  Acad. Sci. U.  S.  A.  69: 
3810. 
ROBBERSON, D. L,, KASAMATSU,  H., and J. VINOGRAD. 
1972.  Replication of mitochondrial DNA. Circular 
replicative  intermediates  in  mouse  L  cells.  Proc. 
Natl. Acad. Sci. U. S. A. 69:737. 
WOLSTENHOLME, D. R., K. KomE, and P.  COCHRAN- 
FOUTS. 1973.  Single strand-containing  replicating 
molecules of circular  mitochondrial DNA.  J.  Cell 
Biol.  56:230. 
WOI~TENHOLME, D.  R, K.  KOIKE, and  H. C.  RENOER. 
1971.  Form and structure  of  mitochondrial DNA. 
In  Oncology  1970.  A  Cellular and  molecular 
mechanism  of carcinogenesis. B.  Regulation  of 
gene expression.  R. L. Clark,  R. W. Cumley, J. E. 
McCoy,  and  M.  M.  Copeland,  editors. Year 
Book  Medical  Publishers,  Inc., Chicago,  111. I: 
627-648. 
YLATSURO KOIKE AND DAVID R.  WOI.2,TENHOLME  Circular Mitochondrial  DNA Molecules  25 